Introduction
============

Apoptosis is a key feature of the progression of atherosclerotic plaques \[[@b1]\]. Indeed, apoptosis of endothelial cells, vascular smooth muscle cells and macrophages contributes to plaque growth, lipid core development, plaque rupture and thrombosis. The process of apoptosis in atherosclerotic lesions is triggered by chronic inflammation and oxidative stress \[[@b2]\]. Indeed, oxidative stress is now recognized as a major emerging risk factor for premature cardiovascular disease \[[@b3]\].

During atherogenesis, pro-inflammatory processes in the arterial wall elicit production of a spectrum of one- and two-electron oxidants which act on lipid and protein components of low-density lipoproteins (LDL) to form oxidized LDL (oxLDL) \[[@b4]\]. OxLDL possess multiple pro-atherogenic and pro-inflammatory properties which include induction of apoptosis and necrosis in endothelial cells and macrophages of the arterial wall \[[@b5]\].

In contrast to LDL, high-density lipoproteins (HDLs) exert vasculoprotective actions; in addition to cellular cholesterol efflux and anti-oxidative/anti-inflammatory properties, HDLs protect endothelial cells from the cytotoxicity of oxLDL \[[@b6]\]. Moreover, HDLs decrease endothelial cell apoptosis induced by mildly oxLDL \[[@b7]\], tumour necrosis factor-α (TNF-α) \[[@b8]\] and growth factor deprivation \[[@b9]\]. HDLs equally protect endothelial cells from necrosis \[[@b10], [@b11]\].

Both apolipoprotein and lipid components appear to contribute to the cytoprotective properties of HDL; these primarily include apolipoprotein A-I (apoA-I), the major HDL apolipoprotein \[[@b7], [@b8]\], and sphingosine-1-phosphate (S1P), a minor bioactive lipid \[[@b10]--[@b12]\]. Gene transfer of human apoA-I to rats has been recently shown to decrease apoptosis in cardiomyocytes \[[@b13]\]. Plasma membrane receptors and transporters involved in cellular cholesterol efflux, including scavenger receptor class B type I (SR-BI) and ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1), may potentially mediate the cytoprotective effects of HDL *via* their interaction with apoA-I and ensuing cellular efflux of toxic oxidized lipids \[[@b14], [@b15]\].

S1P circulates at high nanomolar concentrations primarily associated with small, dense HDL 3 \[[@b16]--[@b18]\], and is likely derived from red blood cells and/or platelets \[[@b19], [@b20]\]. Equally, S1P can function as a ligand for G protein-coupled S1P receptors on endothelial and smooth muscle cells, thereby enhancing cell growth and survival \[[@b21]\]. Consistent with these findings, intracellular signal transduction induced by HDL associated lysosphingolipids, primarily S1P, may in part account for the cytoprotective effects of HDL \[[@b22]\].

HDL particles are highly heterogeneous in their structure, physicochemical properties, intravascular metabolism and anti-atherogenic and vasculoprotective activities. Small, dense, protein-rich HDL 3 display elevated capacities to accept cellular cholesterol \[[@b23]\], to inhibit expression of adhesion molecules \[[@b24]\] and to protect LDL from oxidation \[[@b25]\] as compared to large, light, lipid-rich HDL 2 \[[@b26]\]. Our recent data suggest that small, dense HDL 3 enriched in S1P \[[@b18]\] exert potent protection of endothelial cells from primary apoptosis induced by mild oxLDL \[[@b27]\]; however, HDL components involved in such cytoprotection remain indeterminate. We suggested that apoA-I and/or S1P constitute major factors in the anti-apoptotic activity of small HDL. We present evidence that apoA-I is pivotal to the potent protection of endothelial cells against primary apoptosis induced by mild oxLDL; by contrast, S1P failed to enhance HDL and/or apoA-I-mediated cytoprotection.

Methods
=======

To investigate cytoprotective effects of HDL subfractions, we employed human microvascular endothelial cells (HMEC-1) which are widely used for *in vitro* studies of multiple biological aspects of atherosclerosis, including inflammation and apoptosis \[[@b28]--[@b30]\], and thus represent an appropriate model to study biological properties of oxLDL and protective effects of HDL. Indeed, mechanisms of apoptotic signalling evoked by oxLDL in HMEC-1 and cytoprotection induced by HDL are similar in HMEC-1 and other cultured vascular cells, such as bovine aortic endothelial cells and smooth muscle cells \[[@b5]--[@b7], [@b31], [@b32]\].

Cellular apoptotic and necrotic morphology was determined microscopically using two vital fluorescent dyes, a permeant intercalating green probe SYTO-13 and a non-permeant intercalating orange probe propidium iodide (PI) \[[@b33]\]. Apoptosis and necrosis were equally quantified using the annexin V-flourescein isothiocyanate (FITC)/PI kit for flow cytometry (Beckman Coulter, Roissy, France).

Lipoproteins were preparatively fractionated by isopycnic density gradient ultracentrifugation from normolipidemic human serum or ethylenediaminetetraacetic acid plasma as previously described \[[@b34], [@b35]\]. Five major subfractions of HDL were isolated, *i.e.* large, light HDL 2b (density 1.063--1.087 g/ml) and 2a (density 1.088--1.110 g/ml), and small, dense HDL 3a (density 1.110--1.129 g/ml), 3b (density 1.129--1.154 g/ml) and 3c (density 1.154--1.170 g/ml). LDL (200 mg apolipoprotein B/dl) was oxidized by ultraviolet (UV) irradiation in the presence of Cu^2+^ (5 μM). This approach produces mildly oxLDL that contain low levels of lipid peroxidation products (4--13 mol of conjugated dienes/mol LDL corresponding to the end of the lag-phase of LDL oxidation by Cu^2+^\[[@b36]\]) and selectively induces apoptosis in endothelial cells \[[@b31]\], in contrast to heavily oxLDL that contain high levels of products of lipid and protein oxidation (*e.g.* \>200 mol of conjugated dienes/mol LDL corresponding to the end of the propagation phase of LDL oxidation by Cu^2+^) and largely induce cellular necrosis.

Details of reagents and chemicals, blood samples, fractionation and physicochemical characterization of serum lipoproteins \[[@b25]\], endothelial cell culture \[[@b37]\], characterization of apoptosis \[[@b37]\], S1P assays \[[@b18]\] and statistical analysis are available as an online supplement.

Results
=======

HDL mediated protection of HMEC-1 from oxLDL-induced cytotoxicity
-----------------------------------------------------------------

Progressive reduction in HDL hydrated density and size across HDL particle subfractions from HDL 2b to HDL 3c was associated with progressive elevation in protein content and diminution in lipid content (Table S1). Consistent with earlier data \[[@b25]\], the lipid core of small HDL featured enrichment in cholesteryl ester (CE) relative to triglyceride (TG), with almost twofold increment in the CE/TG weight ratio from large HDL 2b (6.3 ± 1.2) to small HDL 3c (11.8 ± 3.8).

The protective effect of plasma HDL (d 1.063--1.21 g/ml) against endothelial cell death mediated by oxLDL does not require direct contact between HDL and oxLDL, but rather depends on the duration of the cellular contact of HDL, which should exceed 12 hrs \[[@b7]\]. We therefore preincubated HMEC-1 with HDL subfractions for 24 hrs before incubation with oxLDL. Incubation of cells with oxLDL alone induced marked cytotoxicity as documented by diminished mitochondrial function with significant decrease in 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction (--68%, *P* \< 0.01). All HDL subfractions protected endothelial cells from the cytotoxic action of mild oxLDL ([Fig. 1A](#fig01){ref-type="fig"}).

![HDL subfractions protect HMEC-1 from oxLDL-induced cytotoxicity. The cytoprotective action of individual HDL subfractions was evaluated by MTT reduction at a fixed concentration of total HDL protein (25 μg/ml; A). Data from 10 experiments performed on 8 separate HDL preparations are shown as a percentage of MTT reduction in controls; \*\**P* \< 0.01 *versus* oxLDL; ^§^*P* \< 0.05 *versus* HDL 3c. Calculated values of inhibition constants for each HDL subfraction expressed as micrograms protein/ml (B), μg mass/ml (C) or pmol/ml (D) are equally shown. To calculate inhibition constants, cytoprotective effects of HDL subfractions were measured as a function of total HDL protein concentration, total HDL mass or the number of HDL particles and curve fitting for each data set was performed with a model of non-competitive inhibition. HMEC-1 (40,000 cells/well) were plated in 24-well plates and incubated with HDL subfractions for 24 hrs and subsequently with oxLDL for 18 hrs.](jcmm0014-0608-f1){#fig01}

At equal protein concentration (25 μg/ml), however, the dense HDL 3c subfraction displayed significantly elevated cytoprotective activity (51% protection, *P* \< 0.01; MTT assay) as compared to larger, lighter HDL 2b and -3a subspecies (28% and 33%, *P* \< 0.05 *versus* HDL 3c; [Fig. 1A](#fig01){ref-type="fig"}). The cytoprotective effects of HDL subfractions were dose dependent and increased in parallel with increment in HDL concentration over the range 5--100 μg protein/ml; again, the densest HDL 3c subclass exerted the most potent cellular protection at all concentrations studied (data not shown).

To further compare the intrinsic anti-apoptotic activities of HDL subfractions, cytoprotective effects of HDL subfractions were evaluated as a function of total HDL protein concentration, total HDL mass or the number of HDL particles; curve fitting was performed with a model of non-competitive inhibition on each data set. We observed that small, dense HDL 3c displayed lower values of inhibition constants (*i.e.* superior cytoprotective activity) relative to other HDL subfractions on the basis of total HDL protein ([Fig. 1B](#fig01){ref-type="fig"}), total HDL mass ([Fig. 1C](#fig01){ref-type="fig"}) or the number of HDL particles ([Fig. 1D](#fig01){ref-type="fig"}), thereby indicating greater intrinsic cytoprotective activity of HDL 3c independently of the HDL concentration basis. For example, preincubation of HMEC-1 in the presence of small HDL 3c (250 nM) provided protection of 50 ± 19%, whereas protection of HMEC-1 was attenuated (37 ± 23%; *n*= 3) at the same concentration of HDL 2b particles.

Pooling of results from all experiments revealed that cytoprotection afforded by HDL subfractions positively correlated with HDL density (*r*= 0.35, *P*= 0.002), dense HDL 3 subspecies exhibiting greatest potency. By contrast, HDL mediated cellular protection from oxLDL toxicity did not parallel the capacity of HDL subfractions to efflux cellular cholesterol. Indeed, all five HDL subfractions did not differ significantly in their capacity to efflux cholesterol from HMEC-1 cells (2.3 ± 0.4, 2.8 ± 0.4, 2.5 ± 0.6, 3.6 ± 0.4 and 2.8 ± 0.3% for HDL 2b, 2a, 3a, 3b and 3c, respectively, *n*= 3) when compared at equivalent protein concentration.

HDL mediated protection of HMEC-1 from oxLDL-induced apoptosis
--------------------------------------------------------------

Death of HMEC-1 endothelial cells treated with mildly oxLDL (200 μg apoB-100/ml; 4--13 mol of conjugated dienes/mol LDL) occurred mainly through an apoptotic process, as indicated by the number of cells exhibiting characteristic morphological nuclear changes, such as chromatin condensation and nuclear fragmentation clearly visualized by SYTO13/IP labelling ([Fig. 2A and B](#fig02){ref-type="fig"}). It is of note that oxLDL induced the appearance of cells exhibiting fragmented nuclei, which were permeable to PI, a vital DNA marker excluded from intact nuclei and indicative of a late stage of apoptosis (post-apoptotic necrotic patterns). By contrast, the level of primary necrosis was very low (\<5%) as shown by low levels of lactate dehydrogenase (LDH) release and by small numbers of PI-stained cells with the morphological features of primary necrosis (data not shown). All HDL subfractions protected HMEC-1 from apoptosis induced by oxLDL, attenuating condensed chromatin staining by SYTO-13 and post-apoptotic nuclear staining by PI; again however, small dense HDL 3c revealed superior cytoprotection relative to less dense HDL subfractions ([Fig. 2C--G](#fig02){ref-type="fig"}).

![HDL subfractions protect HMEC-1 from oxLDL-induced apoptosis. Apoptotic and necrotic morphology was evaluated using fluorescent microscopy either in the absence of added lipoproteins (A), or in the presence of oxLDL added after preincubation in the absence (B) or in the presence of HDL 2b (C), 2a (D), 3a (E), 3b (F) and 3c (G) subfractions. Normal nuclei, loose chromatin staining by SYTO-13 (green); apoptotic nuclei, condensed chromatin staining by SYTO-13 (green) and/or chromatin fragmentation; post-apoptotic necrosis, nuclear staining by PI (orange). HMEC-1 (20,000--30,000 cells/well) were plated in 12-well plates and incubated in the absence (control) or in the presence of each HDL subfraction (25 μg total protein/ml) for 24 hrs. Subsequently, oxLDL was added and cells were incubated for 18 to 24 hrs. Results are representative of three independent experiments performed on two independent HDL preparations.](jcmm0014-0608-f2){#fig02}

Apoptosis and necrosis were equally quantified by flow cytometry as cellular binding of annexin V; indeed, annexin V specifically interacts with phosphatidylserine in the extracellular membrane leaflet of apoptotic cells \[[@b38]\]. Preincubation with small, dense HDL 3b and -3c (--54%, *P* \< 0.01 and --148%, *P* \< 0.001, respectively; [Fig. 3A](#fig03){ref-type="fig"}), and to a lesser extent with large light HDL 2b (--47%, *P* \< 0.01), significantly diminished annexin V binding to HMEC-1 induced by oxLDL. Caspase-3 (DEVDase) was activated in oxLDL-treated HMEC-1 ([Fig. 3B](#fig03){ref-type="fig"}). All HDL subfractions prevented activation of caspase-3 provoked by oxLDL (*P* \< 0.05; [Fig. 3B](#fig03){ref-type="fig"}); again, small HDL 3c was more protective than large HDL 2b (*P* \< 0.05) and 2a (*P* \< 0.01). Quantitative DAPI experiments revealed fragmentation of cellular DNA in oxLDL-treated HMEC-1 ([Fig. 3C](#fig03){ref-type="fig"}); all HDL subfractions attenuated DNA fragmentation induced by mildly oxLDL, with small dense HDL 3c providing most potent protection ([Fig. 3C](#fig03){ref-type="fig"}).

![HDL subfractions protect HMEC-1 against oxLDL-induced annexin V binding (A), caspase-3 activation (B) and DNA fragmentation (C). Apoptosis and necrosis were quantified by flow cytometry as annexin V binding using the annexin V-FITC/PI kit at excitation and emission wavelengths of 492 and 520 nm, respectively, for annexin V-FITC and 550 and 680 nm, respectively, for PI (A). Data are shown as a percentage of annexin V binding in the absence of added lipoproteins (controls); \**P* \< 0.05, \*\*\**P* \< 0.001 *versus* oxLDL; ^§^*P* \< 0.05, ^§§^*P* \< 0.01 *versus* HDL 3c. Caspase-3 activity was measured fluorometrically using Ac-DEVD-AMC fluorescent substrate (excitation and emission wavelengths 380 and 430 nm, respectively (B). Chromatin fragments were determined by the fluorometric DAPI procedure (C). HMEC-1 were plated in Petri dishes and incubated in the absence (control) or in the presence of each HDL subfraction (25 μg total protein/ml) for 24 hrs. OxLDL was added and cells were incubated for 16 to 24 hrs. Data are shown as a percentage of caspase-3 activation and DNA fragmentation in the absence of added lipoproteins (controls). Results of 5 (annexin V binding), 6 (caspase-3 activation) and 7 (DNA fragmentation) experiments performed on 5 (annexin V binding) or 4 (caspase-3 activation and DNA fragmentation) independent HDL preparations are shown; \**P* \< 0.05 *versus* control; ^§^*P* \< 0.05 *versus* oxLDL; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 *versus* HDL 3c.](jcmm0014-0608-f3){#fig03}

The mechanism of apoptosis triggered by mildly oxLDL involves two calcium-dependent pathways, a caspase-dependent pathway mediated by calpain/Bid/cytochrome c/caspase-3 and a caspase-independent pathway mediated by apoptosis-inducing factor (AIF) \[[@b39]\].

OxLDL induced cytoplasmic release of cytochrome c and AIF from HMEC-1, and degradation of Bid ([Fig. 4](#fig04){ref-type="fig"}). Preincubation of cells with small dense HDL 3c reversed this cascade of pro-apoptotic events, whereas large, light HDL 2b was markedly less effective ([Fig. 4](#fig04){ref-type="fig"}).

![HDL subfractions protect HMEC-1 against oxLDL-induced cytoplasmic release of cytochrome c and AIF and degradation of Bid. HMEC-1 were plated in Petri dishes, pre-incubated in the absence (control) or in the presence of each HDL subfraction (25 μg total protein/ml) for 24 hrs and subsequently incubated with oxLDL for 16 hrs. Following cellular homogenisation, cytosolic proteins were immunoblotted in the mitochondria free-cytosol using anti-cytochrome c (A), anti-AIF (B) and anti-Bid (C) monoclonal antibodies, and equally using anti β-actin antibody to detect β-actin as a housekeeping protein. Data are scaled to the highest ratio of the protein of interest to β-actin. Results of three experiments performed on three independent HDL preparations are shown; \**P* \< 0.05 *versus* oxLDL.](jcmm0014-0608-f4){#fig04}

HDL mediated protection of HMEC-1 from oxLDL-induced generation of reactive oxygen species (ROS)
------------------------------------------------------------------------------------------------

Preincubation of endothelial cells with each HDL subfraction diminished intracellular generation of ROS induced by oxLDL as measured using dichlorofluorescein diacetate (H~2~DCFDA) as a fluorescent probe ([Fig. 5](#fig05){ref-type="fig"}). Such anti-oxidative activity decreased with decrement in HDL density from HDL 3c (54% inhibition) to HDL 2b (21%; *P* \< 0.01 *versus* HDL 3c). The anti-oxidative effects of HDL subfractions were dose dependent and increased with HDL concentration in the range 10--50 μg/ml; again, small, dense HDL 3c and 3b particles displayed more potent protection as compared to large HDL 2 at all concentrations studied (data not shown). The intracellular anti-oxidative activity of HDL particles was positively correlated with HDL density (*r*= 0.51, *P*= 0.01) and anti-apoptotic activity (*r*= 0.71, *P*= 0.001) expressed as inhibition of annexin V binding ([Fig. 5](#fig05){ref-type="fig"}).

![HDL subfractions protect HMEC-1 against oxLDL-induced intracellular ROS generation. (A) HMEC-1 (40,000 cells/ml; 250 μl/well) were plated in 96-well plates for 24 hrs and incubated in the absence (control) or in the presence of each HDL subfraction (25 μg total protein/ml) for 24 hrs. Cells were labelled with 2′,7′-dichlorofluorescein diacetate (H~2~DCFDA) fluorescent substrate and incubated with oxLDL (Δ234 nm, 17--34 mol conjugated dienes/mol LDL) for 1 hr. Intracellular ROS generation was measured fluorimetrically (excitation and emission wavelengths 485 and 530 nm, respectively). Data are presented as a percentage of ROS generation in the absence of added lipoproteins (controls). Results of 11 experiments performed on 7 independent HDL preparations are shown. (B) Correlation between HDL mediated inhibition of ROS generation in HMEC-1 and HDL particle density. (C) Correlation between HDL mediated inhibition of ROS generation in HMEC-1 and HDL mediated protection of HMEC-1 from apoptosis assessed by flow cytometry as a decrease in annexin V binding. Effects of HDL subfractions are shown as percentage protection relative to differences between incubation in the absence of added lipoproteins (controls) and in the presence of oxLDL alone; ^§^*P* \< 0.05 *versus* oxLDL.](jcmm0014-0608-f5){#fig05}

Since H~2~DCFDA does not allow to identify individual ROS, we subsequently determined the source of intracellular ROS generated by oxLDL using a series of specific inhibitors for NAD(P)H oxidases (diphenylene iodonium and apocynin), xanthine oxidase (allopurinol), mitochondrial electron transport chain (ETC) at a level of complex I (rotenone) and complex III (myxothiazol), cytochrome P450 (sulfaphenazole) and metabolism of arachidonic acid (eicosatetraynoic acid for lipoxygenase and indomethacine for cyclooxygenase). We found that NAD(P)H oxidase inhibitors diphenylene iodonium and apocynin as well as the complex III inhibitor myxothiazol potently inhibited intracellular ROS increase elicited by oxLDL ([Fig. 6A](#fig06){ref-type="fig"}). ROS production was also blocked by the antioxidants Trolox and pyrolidine dithiocarbamate employed as a positive control. In striking contrast, other tested agents were without significant effect, indicating that NAD(P)H oxidase and mitochondrial ETC provided major contribution to ROS generated by HMEC-1 in the presence of oxLDL.

![Role of different sources of oxidants for ROS generation in HMEC-1 induced by oxLDL. (A) Effect of specific inhibitors on ROS generation by HMEC-1 induced by oxLDL. HMEC-1 were incubated with oxLDL (200 μg apoB/ml) for 3 hrs and loaded with H~2~DCFDA. Subsequently, fluorescence resulting from the H~2~DCFDA oxidation by intracellular ROS was measured. Data are shown as means of 3 independent experiments. (B) Effect of L-NAME on nitric oxide generation by HMEC-1 induced by oxLDL. HMEC-1 were incubated with oxLDL (200 μg apoB/ml) for the indicated time and loaded with DAF-FM. Subsequently, fluorescence of DAF was measured. Data are shown as means of three independent experiments. (C) Effect of L-NAME on ROS generation by HMEC-1 induced by oxLDL. HMEC-1 were incubated with oxLDL (200 μg apoB/ml) for 3 or 5 hrs and loaded with H~2~DCFDA-AM. Subsequently, fluorescence resulting from H~2~DCFDA oxidation by intracellular ROS was measured. Data are shown as means of three independent experiments.](jcmm0014-0608-f6){#fig06}

We also investigated the potential role of nitric oxide in the intracellular increase of ROS triggered by oxLDL. In these experiments, we used two different approaches involving first, the fluorescent nitric oxide specific probe 4-amino-5-methylamino-2′, 7′-diflouroflourescein (DAF-FM) which allows measurement of intracellularly generated nitric oxide and second, a specific inhibitor of endothelial nitric oxide synthase GN-nitro-L-arginine methyl ester (L-NAME). We observed that oxLDL triggered rapid, transient and slight increase in intracellular nitric oxide levels in HMEC-1, which was completely inhibited by L-NAME ([Fig. 6B](#fig06){ref-type="fig"}). Interestingly, longer incubations of HMEC-1 with oxLDL were characterized by progressive decrease in intracellular nitric oxide concentrations, consistent with previous reports on the effects of oxLDL on nitric oxide production in vascular and macrophagic cells \[[@b40]\]. In order to investigate whether nitric oxide contributed to the increase in intracellular ROS induced by oxLDL, we measured the oxidation of H~2~DCFDA in the presence of L-NAME. As shown in [Fig. 6](#fig06){ref-type="fig"}, C, L-NAME did not inhibit induction of intracellular ROS formation elicited by oxLDL, strongly suggesting that nitric oxide is not involved in the oxLDL-induced ROS generation measured by H~2~DCFDA.

Role of apolipoproteins in the anti-apoptotic effects of HDL subfractions
-------------------------------------------------------------------------

The particle content of apoA-I fell progressively with HDL size from 4.3 mol/mol in HDL 2b to 2.9 mol/mol in HDL 3c (Table S1). By contrast, maximal particle contents of apoA-II occurred in HDL 2a and 3a (1.3--1.5 mol/mol). Consistent with earlier published data \[[@b41]\], the molar ratio of apoA-I to apoA-II was highest in the largest and smallest HDL particles, respectively (HDL 2b, 5.7 ± 3.4; HDL 3c, 4.9 ± 1.1), thereby suggesting that lipoprotein A-I (LpA-I) particles predominate in large HDL 2b and small HDL 3c.

To assess the relative role of protein *versus* lipid components in the anti-apoptotic activity of HDL subfractions, apolipoprotein and lipid moieties of each subfraction were separated using Folch extraction and their cellular protective capacity measured in the MTT assay at concentrations corresponding to the initial level of HDL protein (25 μg/ml). Importantly, no S1P was co-isolated with the protein fraction as verified by HPLC (data not shown).

Significantly, the protein fraction accounted for the majority of the cytoprotective effect (71 ± 21%) relative to that of lipids (34 ± 2%, *n*= 5), thereby demonstrating that the protein moiety, with apoA-I as the major component (Table S1), was central to HDL mediated cytoprotection.

SR-BI is a major apoA-I-binding HDL receptor on human endothelial cells \[[@b42]\]; we therefore additionally evaluated the potential role of SR-BI in mediating the cytoprotective effects of HDL subfractions against oxLDL. Preincubation of HMEC-1 with a monoclonal antibody to human SR-BI did not influence the toxicity of oxLDL (MTT reduction of 42% and 40% of control levels in the absence and presence of the antibody; *n*= 2). By contrast, the antibody markedly diminished (up to --68%) the protective effects of HDL 3c (MTT reduction of 82 ± 5 and 53 ± 4% of control levels in the absence and presence of the antibody; *n*= 3). No effect on the cytoprotective activity of HDL 3c was observed when HMEC-1 were pre-incubated with an irrelevant antibody (data not shown).

Role of S1P in the anti-apoptotic effects of HDL subfractions
-------------------------------------------------------------

S1P was asymmetrically distributed across the HDL particle spectrum, with preferential enrichment in HDL 3 as compared to HDL 2 \[[@b18]\] ([Fig. 7A](#fig07){ref-type="fig"}). Indeed, S1P was 3-fold enriched in HDL 3c and 3b (approximately 1 mole per 17 HDL particles) as compared to HDL 2b (approximately 1 mole per 50 HDL particles). HDL molar content of S1P positively correlated with HDL density (*r*= 0.70, *P* \< 0.001), with anti-apoptotic activity expressed as inhibition of annexin V binding (*r*= 0.56, *P*= 0.01; [Fig. 7B](#fig07){ref-type="fig"}) and with the intracellular anti-oxidative activity of HDL (*r*= 0.59, *P* \< 0.01; [Fig. 7C](#fig07){ref-type="fig"}), thereby suggesting that S1P may contribute to the cytoprotective effects of HDL subfractions on HMEC-1 cells.

![Role of S1P in the anti-apoptotic effects of HDL subfractions. (A) Molar content of S1P in HDL subfractions from normolipidemic patients (*n*= 5); \*\**P* \< 0.01 *versus* HDL 3c, ^§§§^*P* \< 0.001 *versus* HDL 3b. (B) Correlation between HDL content of S1P and HDL mediated protection of HMEC-1 from apoptosis assessed by flow cytometry as an inhibition of annexin V binding. (C) Correlation between HDL content of S1P and HDL mediated inhibition of ROS generation in HMEC-1. Effects of HDL subfractions are shown as a percentage of protection relative to differences between incubations in the absence of added lipoproteins (controls) and in the presence of oxLDL alone. (D) Cytoprotective effects of S1P-free and S1P-containing rHDL prepared from the major HDL components (apoA-I, POPC, cholesterol) using cholate dialysis. Data from three independent experiments are shown as MTT reduction at a fixed concentration of apoA-I (25 μg/ml); \*\**P* \< 0.01, \**P* \< 0.05 *versus* control; ^§§§^*P* \< 0.001, ^§§^*P* \< 0.01 *versus* oxLDL.](jcmm0014-0608-f7){#fig07}

The potential contribution of S1P to the capacity of HDL subfractions to inhibit oxLDL-induced apoptosis in HMEC-1 was then evaluated in four *in vitro* experimental systems, involving (*i*) reconstituted HDL (rHDL) discs containing S1P, (*ii*) S1P in the presence of bovine serum albumin (BSA), (*iii*) S1P enrichment of HDL subfractions and (*iv*) use of a pharmacological inhibitor to ligate S1P~1~/S1P~3~ receptors.

S1P-free and S1P-containing rHDL were prepared from the major HDL components (apoA-I, palmitoyloleoyl phosphatidylcholine (POPC) and cholesterol) using cholate dialysis \[[@b43]\].

Importantly, the S1P-containing discs were considerably (more than 10-fold) enriched in S1P as compared to normal plasma HDL on the basis of apoA-I content. rHDL that did not contain S1P (at an apoA-I/cholesterol/POPC molar ratio of 1:9:61) protected HMEC-1 from oxLDL-induced apoptosis by 70 ± 13% (*P* \< 0.001; [Fig. 7D](#fig07){ref-type="fig"}). However, this protective effect was not enhanced by the addition of S1P to rHDL (protection of 52 ± 15%, *P* \< 0.01 *versus* incubation with oxLDL alone).

Albumin readily binds S1P and transports approximately 30--40% of total plasma S1P in human beings \[[@b16], [@b17]\]. When S1P was added to HMEC-1 cells in the presence of 0.4% BSA at concentrations corresponding to those transported by HDL subfractions (1--100 nM; [Fig. 7A](#fig07){ref-type="fig"}, Table S1), no inhibition of oxLDL-induced primary apoptosis was observed. In these studies, annexin V binding to HMEC-1 preincubated with S1P plus BSA represented 286--290% relative to control cells lacking oxLDL, a level which did not significantly differ from that measured in HMEC-1 preincubated in the absence of S1P (211%; *n*= 3). Nor was any effect on oxLDL-induced apoptosis observed following HMEC-1 preincubation with 1--1000 nM dihydro-S1P which is devoid of anti-apoptotic activity (data not shown).

Incubation of normolipidemic human plasma with S1P (5 μM) resulted in the enrichment of HDL in S1P which was more pronounced in large than in small subfractions (2.9-fold in HDL 2b *versus* 1.8-fold in HDL 3c; *n*= 3). S1P-enriched HDL tended to be more potent than the corresponding native HDL subfractions in inhibiting primary apoptosis in endothelial cells. Indeed, S1P enrichment of HDL 2b, 2a and 3a decreased annexin V binding to HMEC-1 by 30%, 35% and 24%, respectively (*n*= 3); effects observed in S1P-enriched small, dense HDL 3b and 3c (annexin V binding was reduced by 23% and 9%, respectively) were weaker, consistent with their lower levels of enrichment; these effects were non-significant. As a result, the molar content of S1P in HDL used in the S1P enrichment experiments weakly negatively correlated with annexin V binding (*r*=--0.38, *P*= 0.008).

Ligation of S1P~1~/S1P~3~ receptors with a pharmacological inhibitor moderately attenuated the cytoprotective action of HDL 3c (--26%, *P* \< 0.05). Indeed, after preincubation with the inhibitor, HDL 3c reduced apoptosis of HMEC-1 by 28 ± 8% as compared to that in the absence of the inhibitor (38 ± 13%; *n*= 5). By contrast, ligation of S1P~1~/S1P~3~ receptors by Pertussis toxin did not affect the capacity of HDL 3c to protect HMEC-1 from oxLDL-induced apoptosis (data not shown).

Discussion
==========

As apoptosis of endothelial cells is a key feature of endothelial dysfunction and atherosclerotic plaque progression, it is highly relevant that small, dense, protein-rich HDL 3c exhibited superior cytoprotective activity towards human endothelial cells (HMEC-1) as compared to large, light, lipid-rich HDL 2 when expressed on the basis of total protein, total mass or particle number. Moreover, inhibition constants calculated for cytoprotective actions of HDL 3c were lower than those obtained for other HDL subfractions independently of the basis on which HDL concentration was expressed, thereby documenting superior intrinsic anti-apoptotic activity of small HDL 3c. Indeed, small dense HDLs efficiently inhibited both caspase-dependent (mediated by calpain/Bid/cytochrome c/caspase-3) and caspase-independent (mediated by AIF) apoptotic pathways.

The present studies identify the protein moiety of HDL subfractions as the major component in their cytoprotective activities. Furthermore, rHDL discs constituted of apoA-I-, phosphatidylcholine and cholesterol potently protected HMEC-1 from oxLDL-induced apoptosis (--70%). ApoA-I predominates in the HDL protein moiety (up to 70% of total HDL protein \[[@b44]\]) that was pivotal to the anti-apoptotic activity of total human HDL \[[@b7]\]. Significantly, small, protein-rich HDL 3c, which exert potent anti-apoptotic activity, are preferentially enriched in apoA-I relative to apoA-II (molar ratio of 4.9). Consistent with these results, apoA-I potently inhibited TNF-α-induced apoptosis in endothelial cells when complexed with phosphatidylcholine and cholesterol, whereas replacement of apoA-I with apoA-II markedly attenuated the protective effect \[[@b8]\]. These data provide direct evidence that apoA-I is central to the anti-apoptotic activity of HDL particles.

Mechanistically, initial interaction of HDL with the cellular plasma membrane with ensuing intracellular protein synthesis represent prerequisites for the cytoprotective action of both HDL and of its apolipoprotein moiety \[[@b7]\]. Preincubation of HMEC-1 with a monoclonal antibody to human SR-BI, but not with an irrelevant antibody, markedly diminished the protective effects of HDL 3c. These data are consistent with the hypothesis that cell tethering of HDL particles is in part mediated by SR-BI, a major apoA-I-binding HDL receptor on human endothelial cells \[[@b45]\]. Amphipathic α-helices located in the central domain of apoA-I are involved in its binding to SR-BI \[[@b45]\]. The association rate constants of monoclonal antibodies, whose apoA-I binding sites are located in the central domain, increase with HDL size \[[@b46]\]. A conformation-dependent mechanism involving the accessibility of apoA-I might therefore underlie the elevated anti-apoptotic activity of small, dense HDL 3c; indeed, structural integrity of apoA-I is essential for HDL mediated cytoprotection \[[@b7]\].

Mild oxLDL induces apoptosis primarily *via* its elevated content of lipid hydroperoxides and to a lesser degree oxysterols and other oxidized lipids \[[@b37]\]. Such diversity of biologically active components translates into a complex pattern of apoptotic mechanisms triggered by oxLDL \[[@b5]\]. Indeed, oxLDL can trigger both (*i*) the extrinsic apoptotic pathway mediated by the FLICE inhibitory protein and Fas/Fas ligand \[[@b47]\] that activates caspase-8, which in turn directly activates caspase-3 and (*ii*) calcium/calpain pathway that activates Bid and the mitochondrial apoptotic pathway, thereby indirectly activating caspase-3 \[[@b39]\]. The anti-apoptotic activity of HDL may therefore be mechanistically related to accelerated inactivation of pro-apoptotic oxidized lipids and/or ROS, to cellular efflux of oxidized lipids, primarily oxycholesterols \[[@b14], [@b15]\], and/or to intracellular signalling which boosts survival \[[@b6]\].

All HDL subfractions attenuated generation of ROS in HMEC incubated with oxLDL; the potential of HDL subfractions to attenuate intracellular ROS increased progressively however with increment in HDL density from HDL 2b to 3c. Experiments with specific inhibitors for cellular enzymes revealed that NAD(P)H oxidase and mitochondrial ETC provided major contribution to ROS early generated by HMEC-1 in the presence of oxLDL; by contrast, the role of nitric oxide (and thus peroxynitrite) appears to be minor. Superoxide anion O~2~^.−^and hydrogen peroxide H~2~O~2~ are two major ROS produced by NAD(P)H oxidase and mitochondrial ETC, thereby implicating these oxidants in the pro-oxidant effects of oxLDL. Superoxide anion O~2~^.−^ generated by NAD(P)H oxidase in this system appears to be rapidly dismutated to hydrogen peroxide, which participates in the oxLDL-induced signalling as previously reported \[[@b48]\].

The highly significant correlation observed between cellular anti-apoptotic and anti-oxidative activities of HDL subfractions strongly suggests that these two biological properties are mechanistically related. Indeed, consistent with its capacity to inactivate lipid hydroperoxides \[[@b49]\], apoA-I might play a direct role in cellular protection from oxidative stress \[[@b50]\]. In clear contrast, no correlation between the capacities of HDL subfractions to inhibit annexin V binding and intracellular ROS generation on the one hand, and their potential to delay LDL oxidation in an *in vitro* assay \[[@b25]\] on the other, was observed \[[@b27]\], thereby suggesting that cellular effects of HDL subfractions may be largely unrelated to their capacity to delay LDL oxidation. Consistent with this proposal, the cytoprotective action of both HDL and apoA-I did not necessitate direct contact between HDL and oxLDL, but rather was dependent on preincubation of HDL with cells and ensuing protein synthesis \[[@b7]\]. Efflux of oxidized lipids has been proposed to contribute to HDL mediated protection of macrophages from apoptosis \[[@b14], [@b15]\]; it appears however unlikely that cholesterol efflux could account for the distinct anti-apoptotic activity of small HDL 3c in our studies as HDL subspecies did not differ in their capacity to efflux cholesterol from HMEC-1.

Survival-boosting intracellular signalling mediated by HDL represents an intriguing possibility. S1P, a bioactive sphingolipid metabolite involved in signalling processes, has been proposed to account for the key cytoprotective properties of HDL including protection from apoptosis, induction of nitric oxide dependent vasorelaxation and stimulation of the expression of anti-inflammatory transforming growth factor β\[[@b22]\]. Remarkably, S1P was enriched in HDL 3 subfractions; furthermore, S1P content was correlated with the anti-apoptotic and anti-oxidative activities of HDL.

Our data are not however consistent with a major role of S1P in the anti-apoptotic activity of small HDL. Indeed, rHDL composed of apoA-I, cholesterol and phosphatidyl choline provided potent protection of endothelial cells from apoptosis in the absence of S1P; furthermore, adding S1P to rHDL did not enhance their cytoprotective properties. In addition, neither HDL enrichment in S1P *in vitro* nor albumin-bound S1P enhanced HMEC-1 survival at physiological (nanomolar) concentrations of S1P. It has been suggested that S1P receptors, primarily S1P~1~ and S1P~3~, are implicated in the protection of endothelial cells mediated by HDL and S1P \[[@b11]\]. However, ligation of S1P~1~/S1P~3~ receptors with a pharmacological inhibitor led to only minor reduction (--26%) in the anti-apoptotic activity of HDL 3c in our studies, indicative of the minor importance of this pathway. Importantly, cytoprotective properties of S1P and other lysosphingolipids demonstrated in earlier studies were observed at micromolar concentrations \[[@b9]\] markedly exceeding physiological levels \[[@b18], [@b51]\]. Earlier studies which employed HPLC with UV detection

\[[@b9]\] (less specific as compared to fluorescent detection used in later studies \[[@b18], [@b51]\]) markedly overestimated HDL content of lysosphingolipids, thereby leading to incorrect interpretation of data (see \[[@b11]\] for discussion). Next, earlier studies were performed under conditions which did not distinguish between apoptosis and necrosis and globally assessed cell survival in the presence of heavily oxLDL \[[@b10], [@b11]\]. By contrast, we selectively induced primary apoptosis using mildly oxLDL containing low levels of oxidized lipids. We therefore conclude that the capacity of small, dense HDL to inhibit primary apoptosis induced in endothelial cells by mildly oxLDL may not involve interaction between HDL associated S1P and cellular S1P receptors as a major pathway. Intriguingly, our present data together with those reported previously \[[@b7]\] suggest that the interaction of HDL apoA-I with SR-BI and/or other HDL receptors can decrease oxidative stress induced by oxLDL and promote survival-boosting intracellular signalling -- an interesting alternative which remains to be explored.

In summary, our data reveal that small dense HDL 3c particles provide potent protection of endothelial cells from oxLDL-induced primary apoptosis, which involves reduced intracellular generation of ROS. Moreover, apoA-I is pivotal to these distinct cellular anti-apoptotic and anti-oxidative activities, which may be relevant to HDL mediated vasculoprotection. These data have implications for therapeutic HDL raising approaches involving rHDL as they suggest that, consistent with *in vivo* data \[[@b52]\], simple complexes of apoA-I, phospholipids and cholesterol may be sufficient to afford significant protection of endothelial cells from apoptosis.
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**Table S1.** Plasma concentrations, chemical composition andapolipoprotein composition of HDL particle subfractions fromnormolipidemic subjects (*n* = 7).
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